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Abstract: Quantifying human crystalline lens geometry as a function of age and accommodation
is important for improved cataract and presbyopia treatments. In previous works we presented
eigenlenses as a basis of 3-D functions to represent the full shape of the crystalline lens ex vivo.
Also, we presented the application of eigenlenses to estimate the full shape of the lens in vivo from
3-D optical coherence tomography (OCT) images, where only the central part of the lens -visible
through the pupil- is available. The current work presents a validation of the use of eigenlenses
to estimate in vivo the full shape of dis-accommodated lenses. We used 14 ex vivo crystalline
lenses from donor eyes (11-54 y/o) mounted in a lens stretcher, and measured the geometry and
the power of the lenses using a combined OCT and ray tracing aberrometry system. Ex vivo,
the full extent of the lens is accessible from OCT because the incident light is not blocked by
the iris. We measured in non-stretched (fully accommodated) and stretched (mimicking in vivo
dis-accommodated lenses) conditions. Then, we simulated computationally in vivo conditions on
the obtained ex vivo lenses geometry (assuming that just the portion of the lens within a given
pupil is available), and estimated the full shape using eigenlenses. The mean absolute error
(MAE) between estimated and measured lens’ diameters and volumes were MAE= 0.26± 0.18
mm and MAE= 7.0± 4.5 mm3, respectively. Furthermore, we concluded that the estimation
error between measured and estimated lenses did not depend on the accommodative state (change
in power due to stretching), and thus eigenlenses are also useful for the full shape estimation of in
vivo dis-accommodated lenses.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The crystalline lens of the eye is able to change its shape dynamically to focus near and far
objects in the retina (accommodation) [1]. The crystalline lens loses its accommodation ability
and transparency with age, in what is known as presbyopia and cataract, respectively. The most
common treatment for cataract involves removing the opacified crystalline lens and replacing
it with an artificial intraocular lens (IOL) [2]. Emergent treatments for presbyopia, still under
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development, include accommodative IOLs (A-IOLs) [3,4], which attempt to mimic the ability
of the natural crystalline lens to change its shape (and thus its optical power) as a response of
the action of the ciliary muscle, or pharmacological treatments to soften the crystalline lens
material [5]. These solutions require that the ciliary muscle remains fairly functional with age
[6]. Quantifying the human crystalline lens geometry, and its changes with accommodation and
age, is key to improve current intraocular treatments for cataract and presbyopia, for example,
obtaining more accurate predictions of the intraocular lens power [7,8] or size (in A-IOLs) to be
implanted in a specific patient [3].

Ex vivo, some works have quantified the donor human crystalline lens geometry and its
changes with age using different imaging techniques such as shadowphotography [9–12], corneal
topography [13,14], magnetic resonance imaging (MRI) [15] and OCT [16–18]. In addition, the
changes of the human crystalline lens shape can be studied with simulated dis-accommodation
by stretching donors’ eye lenses mounted in a lens stretcher system that simulates the action of
the ciliary muscle pulling the lens capsule and zonulae equatorially [19].

In vivo, optical imaging techniques (such as Purkinje [20,21], Scheimpflug [22–25] and
OCT [26–29]) have been used to quantify the shape of the crystalline lens within the pupil
area, and have proved to be accurate once geometrical and optical distortions are corrected. A
drawback of optical techniques is that the iris blocks the incident light preventing the imaging
of the peripheral part of the lens. Non-optical techniques such as MRI [30–33] or Ultrasound
Biomicroscopy (UBM) [34] allow visualization of the entire lens, but have some important
drawbacks in comparison with optical techniques such as lower resolution, longer acquisition
times, and typically require experienced operators. UBM requires contact of an ultrasound probe
and the eye, typically through a gel. On the other hand, MRI is not available in an ophthalmology
clinical setting.

The estimation of the full shape of the lens from the information visible through the pupil in
optical techniques has been approached by extrapolating functions fitting the central part of the
anterior and posterior surfaces of the lens and calculating the points of intersection. This so-called
intersection approach is available in some commercial OCT systems such as the CASIA2 (Tomey,
Nürenberg, Germany) and the Catalys laser (Johnson & Johnson Vision, Santa Ana, CA, USA),
and has been recently used in some works to estimate the diameter or the equatorial plane position
of the lens [35–38]. Nevertheless, we showed that the intersection approach overestimates the
diameter and volume of the lens, and underestimates (anterior shift) the equatorial plane position
[39].

In a previous work, we proposed a method for the 3-D crystalline lens full shape estimation
from anterior segment OCT images in vivo (Martinez-Enriquez et al. [39]). The method relied on
prior model training with a set of crystalline lenses ex vivo, and the lens shape was described by
different functions for the anterior and posterior central zones, and the equatorial and peripheral
regions. We have applied this method to quantify changes of crystalline lens full shape parameters
(equatorial diameter, surface area, volume, etc.) in vivo as a function of accommodation [40],
age [41], or myopia [42]. The method has also been applied to improve the estimation of the
intraocular lens position in cataract surgery [7] and to quantify the crystalline lens full shape in a
guinea pig model [43].

Recently, we have presented a different methodology (eigenlenses) that allows a compact
representation of the full shape [44]. Eigenlenses consist of a basis of functions and weighting
coefficients which can typically fit the full shape of the lens with great accuracy using less than
6 coefficients (with 6 coefficients, RMSE= 0.045 mm; explains the 96% of the variance in the
training set). The eigenlenses functions are constructed from 3-D models of isolated human
crystalline lenses ex vivo obtained using OCT images [18,44]. We have proposed a method
based on the compaction ability of eigenlenses to estimate the full shape of the lens in vivo
from OCT measurements in patients [45]. The eigenlenses method produced improvements
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over our previous method [39] in terms of repeatability, robustness and computational cost. A
possible criticism of this approach is that, while eigenlenses are constructed using a training set
of isolated ex vivo lenses, and thus they are optimized to accurately represent ex vivo shapes,
they are applied to describe the shape of the lenses in in vivo measurements. Isolated lenses are
maximally accommodated, and, especially in younger eyes, their shape differs substantially from
the stretched, dis-accommodated form. In previous work, we applied eigenlenses (trained on
ex vivo isolated lenses) to estimate the full shape of the lens from in vivo OCT measurements
[45]. However, a direct validation of the applicability of the eigenlenses representation in
dis-accommodated lenses is missing.

In this study, we validate the use of eigenlenses to estimate the full shape of the lens in
vivo under relaxed accommodation. Ex vivo lenses were mounted in a stretcher that simulates
dis-accommodation. We used a combined custom-developed ray tracing aberrometry and 3-D
OCT imaging system to obtain lens power and lens 3-D shape for the non-stretched (fully
accommodated) and stretched (dis-acommodated) positions. The measured 3-D lens shape was
compared to the shape retrieved from the eigenlenses method, assuming that only the central part
of the lens was available (i.e., simulating in vivo conditions), allowing a direct validation of the
method. We compared the accuracy in the estimation of the full shape using eigenlenses in the
non-stretched and stretched conditions.

2. Methods

2.1. Combined OCT imaging, ray tracing aberrometry, and lens stretcher system

Several previous publications describe experimental implementations of an OCT imaging system,
ray tracing aberrometry, and lens stretcher device [4,46]. In this work, we used a custom
system set up at L V Prasad Eye Institute, previously reported in [46]. In brief, the system is
comprised of a spectral domain OCT (SD-OCT) imaging subsystem that obtains the images that
are analyzed for estimating the lens geometry, and a ray tracing aberrometry system (LRT) that
senses wavefront aberrations of the lens with the OCT probing beam and is used to estimate the
power of the lenses while simulating dis-accommodation with a motorized lens stretching system.

The SD-OCT (ENVISU R4400, Bioptigen Inc., NC) system is equipped with a superluminescent
diode operating at a center wavelength of 880 nm. The axial range is 15.18 mm in air, with a
pixel size of 7.4 µm/pixel. The optical axial resolution of the system is 8.5 µm in air. The lateral
resolution of the system is 53 µm. The effective acquisition speed is 32000 Ascan/s, and each
3-D volume was composed of 600 A-scans and 100 B-scans on a 15 mm x 15 mm lateral area.

The LRT system was programmed to perform a 6 mm x 6 mm raster scan centered on the lens
by sequentially delivering 169 rays with 0.5 mm spacing [47]. The system uses a custom-built
scanning telecentric beam delivery system that produces a focused beam with a 53 µm spot
diameter at the beam waist. The custom delivery probe is interfaced to the SD-OCT system.
During the LRT experiment, a narrow beam was scanned across the lens and the slopes of the
rays after passing through the lens at each incident position of the raster scan were acquired. Spot
images were recorded along the optical axis for vertical heights ranging from 1 mm to 8 mm
below the tissue chamber with an axial increment of 1 mm. An imaging sensor (DCC1545M-GL,
Thorlabs, Newton, New Jersey) mounted below the tissue chamber on a two-dimensional (X-Z)
motorized positioning records the spots, corresponding to the cross-section of the laser beam, at
the various heights below the tissue chamber. The position of the centroids of the spots was used
to calculate the slope of each ray exiting the lens, thereby allowing the calculation of lens power.
The LRT data acquisition was fully automated using a custom LabView program (National
Instruments Corporation, Austin, TX, USA).

A custom-built tissue chamber was developed to hold a motorized lens stretching system for
simulating accommodation. A detailed description of the lens stretching system can be found in
a previous publication [46]. To briefly summarize, the system consists of a manual lens stretcher
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(STR-MS-B, Bioniko Consulting LLC, FL) combined with a geared micro servo motor enabling
the motorized stretching of the ocular tissue. The lens stretcher applies a radial stretching force to
the sclera to simulate dis-accommodation and can be programmed to displace the sclera radially
in a step-wise fashion.

2.2. Ex vivo human lenses and experimental protocol

Fourteen human donor globes (11-54 y/o, mean= 34± 11 y/o) from the Ramayamma International
Eye Bank at LV Prasad Eye Institute (Hyderabad, India) were dissected to preserve the lens with
its accommodating framework and sclera. The tissue was mounted in the motorized miniature
lens stretcher system and immersed in a cuvette filled with balanced salt solution (BSS, Alcon
Laboratories, Inc., Fort Worth, TX, USA). The system simulated dis-accommodation by radial
stretching of the outer sclera. 3-D OCT images and LRT measurements were acquired at 0 and
2 mm of stretching, quantified as the change in outer scleral diameter. Tissue handling was
performed following published protocols to minimize water uptake (and thus swelling) [18].

2.3. 3-D models construction of ex vivo lenses

Figure 1 shows the main steps for the construction of crystalline lens 3-D models ex vivo from
OCT raw images, namely: automatic segmentation of the images; registration of the different
B-scans to obtain the 3-D model (in pixels); conversion to millimeters, including fan and optical
distortion correction; tilt removal and extrapolation (when needed).

Fig. 1. Ex vivo 3-D models construction, including: (1) OCT B-scans; (2) Automatic
surfaces segmentation; (3) Registration of the B-scans to obtain the 3-D models in pixels;
(4) Fan and optical distortion correction; (4) Tilt removal and extrapolation of the most
peripheral part (when needed).

In the segmentation process, the contour of the full lens was automatically detected with an
algorithm extended from previous works [18,40]. In short, edges are first detected and a 4-th
order Zernike fitting is applied to the resulting 3-D data to smooth the surfaces. The resulting
smooth surface is then used to guide a new refined segmentation in each B-scan. In this work,
this process was repeated for three different orientations of the crystalline lenses, obtaining the
full 3-D shape of the lens. Each 3-D full lens was converted to millimeters (using the calculated
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lateral and axial pixel sizes) and corrected for fan distortion [46,48] and optical distortion (due
to imaging the anterior surface of the lens through the preservation media and the posterior
surface through the lens). We used n= 1.341 as the group refractive index of the BSS (at 880 nm)
[46], and the average refractive index for each crystalline lens, calculated using the method in
[16]. Finally, the tilt was removed by rotating the lens by the angle that the lens equatorial plane
subtends with respect to the XY-reference axis, and the most peripheral region of the lens was
then generated using extrapolation in the cases when these regions were not captured in the OCT
image.

2.4. Full shape estimation from the central part using eigenlenses

Figure 2 shows the procedure to evaluate the accuracy of the estimation of the lenses full shape
from their central part using eigenlenses. We performed the following steps:

1) Simulation of in vivo conditions in the crystalline lens 3-D models obtained from ex vivo
lenses, assuming that only the central part (for a given pupil diameter) is visible.

2) Application of the eigenlenses method to estimate the full shape of the lens from central
part data, as described in detail in [45].

3) Comparison of the quantified geometrical parameters from the estimated full shape using
eigenlenses with the same parameters from the actual geometry experimentally measured
(the ex vivo 3-D models).

Fig. 2. Procedure to evaluate the accuracy of the eigenlenses method in the estimation of
the lenses full shape from their central part. In the example, we assumed a pupil of 5 mm of
diameter.

This process was applied for each individual lens in the non-stretched and stretched conditions.

2.5. Full shape geometry quantification

Once the full shape 3-D models were constructed or estimated, various biometric parameters
of the lens were quantified. Specifically, we obtained: (1) lens thickness (LT); (2) radius of
curvature of anterior lens surface (RAL); (3) lens equatorial diameter (DIA); (4) lens volume
(VOL); and (5) shape factor, defined as the ratio LT/DIA. The RAL was obtained fitting a sphere
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calculated in a 6-mm diameter optical zone; the VOL was estimated by numerically solving the
double integration of the anterior and posterior lens surfaces [40].

2.6. Power estimation from LRT measurements

The LRT images were processed using a custom MATLAB program (Mathworks, Natick, MA,
USA) to find the centroid of each spot. The centroid positions were used to estimate the X-Y
coordinates of the ray incident on the imaging sensor. The coordinates of the spots acquired at
the 8 axial positions were used to determine the ray slope in the X and Y directions for each
individual ray by performing a linear regression of the X and Y coordinates of the spots. The
rays exiting the lens were reconstructed using these ray slopes, the incident ray position, and the
correction for refraction through the window separating the BSS and air. The ray with zero slope
was selected as the center ray for the RMS spot size calculation. The central 3-mm zone of the
lens (49 rays) was used to solve for the position where the RMS spot size for the reconstructed
rays was minimized. This position was used as an estimate of the best focus, zfocus. The power of
the lens was calculated as:

Power (D) = 1.341/zfocus

where 1.341 is the group refractive index of BSS. The lens power was calculated for the lenses at
non-stretched and stretched positions.

2.7. Data analysis

We analyzed the relationship between the stretching-induced geometrical changes and power
changes using linear regression analysis (Pearson correlation coefficient, ρ; and the p-value
for testing the hypothesis of no correlation, p). We also used linear regression to analyze the
relationship between power changes and age.

We studied the agreement between the geometrical parameters estimated using the eigenlenses
method and those measured directly from the full shape ex vivo models, by means of Bland-Altman
plots [49]. We investigated if the estimation error was significantly different in non-stretched and
in stretched lenses, and when using different full shape estimation methods, by means of a t-test.
We also investigated the relationship between estimation error and accommodation amplitude
using linear regression. For all analyses, statistical significance was defined as a p-value lower
than 0.05. Calculations were obtained using MATLAB software.

3. Results

3.1. OCT images and 3-D full shape models

Figure 3 shows an example of a central B-scan acquisition and the 3-D full shape model in a
28-year old lens mounted in a stretcher, for the non-stretched (fully accommodated, Fig. 3(a)
upper panel) and stretched (dis-accommodated, Fig. 3(a), lower panel) conditions. The crystalline
lens reconstructed 3-D models for the non-stretched (black) and stretched (blue) conditions are
presented superimposed for comparison purposes (Fig. 3(b)).

3.2. Relationship between geometry changes and power changes

Figure 4 shows the correlation between geometrical parameters changes (∆Parameter) and power
changes (∆Power) produced by the stretching. Changes are defined as:

∆Parameter = Parameterstretched − Parameternon−stretched

∆Power (D) = Powerstretched − Powernon−stretched.

Note that this is equivalent to calculating the difference between the parameter at the
dis-accommodated position (stretched) and the parameter at a fully accommodated position
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(a)

(b)

Fig. 3. (a) Example of cross-sectional OCT images of a 28-year old donor lens mounted in
the stretcher. Top: non-stretched position; Bottom: stretched position. (b) 3-D models of
the non-stretched (black) and stretched (blue) states for the same lens.
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ρ=0.90, p=1·10-5; slope=0.083 mm/D ρ=-0.915, p=5·10-6, slope=-0.63 mm/D

ρ=-0.91, p=7·10-6, slope=-0.077 mm/D p=0.71

ρ=0.93, p=1·10-6, slope=0.013 D-1

Fig. 4. Correlation between geometrical changes and change in power for the 14 lenses
included in the study. The purple solid line represents the best linear fitting when the
correlation is statistically significant. Correlation coefficient (ρ), the p-value for testing the
hypothesis of no correlation (p) and the slope are also shown. Ellipses in blue in the X axis
depict the accommodative state (rounder are accommodated or unstretched lenses, flatter are
dis-accommodated or stretched lenses). LT: Lens thickness; RAL: Radius of curvature of
anterior lens surface; DIA: Lens equatorial diameter; VOL: Lens volume.
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(non-stretched). The analyzed parameters are LT, RAL, DIA, VOL, and DIA/LT ratio, each
represented in a different panel. The purple solid lines in some panels represent the best linear
fitting when the correlation is statistically significant. The values below each graph represent the
correlation coefficient (ρ), the p-value for testing the hypothesis of no correlation (p), and the
slope. Note that more negative values are shown from left to right in the X axis for convenience.

3.3. Comparison between measured and estimated full lens shape

Calculated lens parameters from the direct measurements of the entire lens and estimates from
the central pupillary region (assuming pupil diameters of 4.4 mm, 5.2 mm and 5.9 mm) were
compared using Bland-Altman (Fig. 5; DIA, left panels; VOL, right panels). A total of 28
lenses were compared, including 14 stretched (red diamonds) and 14 non-stretched (blue points)
conditions. The Y axis in each figure represents the difference between the estimated DIA or VOL
using the eigenlenses and the measured value of the same parameter. The limits of agreement
(LoA) are calculated as 1.96·SD, where SD is the standard deviation of the differences. Upper,
middle, and lower panels represent results for different widths of the central zone, corresponding
to pupil diameters of 4.4 mm, 5.2 mm and 5.9 mm.

Table 1 shows the mean estimation error (ME)± standard deviation and the mean estimation
absolute error (MAE)± standard deviation for DIA and VOL and different pupil diameters.
Table 2 shows the correlation for DIA and VOL between the estimated and measured lenses.

Table 1. Mean estimation error (ME)±standard deviation and mean estimation absolute error
(MAE)±standard deviation for DIA (mm) and VOL (mm3) using 3 different pupil diameters. The

estimation error is calculated as the difference between the estimated parameter using the
eigenlenses and the measured value.

Pupil diameter (mm) DIA (mm) VOL (mm3)

4.4 mm
ME= 0.08± 0.34 ME= 1.1± 9.6

MAE= 0.29± 0.20 MAE= 7.8± 5.5

5.2 mm
ME= 0.09± 0.31 ME= 1.2± 8.4

MAE= 0.26± 0.18 MAE= 7.0± 4.5

5.9 mm
ME= 0.08± 0.29 ME= 1± 7.4

MAE= 0.24± 0.17 MAE= 6.3± 3.9

Table 2. Correlation between the DIA and VOL of estimated and measured lenses. Correlation
coefficient (ρ) and the p-value for testing the hypothesis of no correlation (p) are indicated.

Pupil diameter (mm) DIA (mm) VOL (mm3)

4.4 mm ρ= 0.71, p<<0.05 ρ= 0.92, p<<0.05

5.2 mm ρ= 0.76, p<<0.05 ρ= 0.94, p<<0.05

5.9 mm ρ= 0.79, p<<0.05 ρ= 0.95, p<<0.05

3.4. Dependency of the estimation error with accommodative power

To validate the ability of the eigenlenses method to estimate the full shape of lenses in different
accommodative states, we analyzed the relationship between the estimation error and the
accommodative state (change in power due to stretching). We did not find a correlation between
the estimation error and ∆Power for DIA or VOL for any of the tested pupil diameters (linear
regression, p>>0.05). Furthermore, we did not find a statistically significant difference between
the mean estimation error for the stretched and non-stretched lenses (t-test, p>>0.05).
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Pupil 

diam. 

(mm)

DIA VOL

4.4

5.2

5.9

Fig. 5. Bland-Altman plots for the DIA (first column) and VOL (second column) calculated
from lens full shape estimated with eigenlenses and measured. Red diamonds represent
stretched lenses and blue points non-stretched lenses. Y axis: difference between the
estimation using the eigenlenses and the measured value; LoA: Limit of Agreement (1.96·SD,
where SD is the standard deviation of the differences).
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3.5. Relationship between eigenlenses coefficients changes and power changes

We studied the correlation between eigenlenses coefficients changes (∆ak = ak, stretched −

ak,non− stretched) and power changes (∆Power) produced by the stretching. From the analyzed
coefficients (∆a1 to ∆a6), only ∆a1 and ∆a2, represented in Fig. 6, showed statistically significant
correlations. Results shown correspond to a 5.9 mm pupil.

ρ=-0.61, p=0.02, slope=-1.66 D-1 ρ=0.76, p=0.002, slope=3.32 D-1

Fig. 6. Correlation between eigenlenses coefficients changes and change in power for the
14 lenses included in the study. Left: ∆a1; Right: ∆a2. The purple solid line represents
the best linear fitting. Correlation coefficient (ρ), the p-value for testing the hypothesis
of no correlation (p) and the slope are also shown. Ellipses in blue in the X axis depict
accommodative state (rounder are accommodated or unstretched lenses, flatter are dis-
accommodated or stretched lenses).

Left part of the figure shows ∆a1, and right part ∆a2. The purple solid lines represent the best
linear fitting. The values below each graph represent the correlation coefficient (ρ), the p-value
for testing the hypothesis of no correlation (p), and the slope. Note that more negative values are
shown from left to right in the X axis for convenience.

We also obtained an expression for the estimation of ∆Power as a function ∆a1 and ∆a2 using
multivariate linear regression:

∆Power = −1.14 − 0.13 × ∆a1 + 0.14 × ∆a2.

Using this linear model, we obtained a coefficient of determination R2 = 0.68.

4. Discussion

Recently we presented the novel concept of eigenlenses [44] and demonstrated its application
for the in vivo estimation of the full shape of the crystalline lens from its central part, available
in OCT images [45]. As eigenlenses are constructed using a training set of isolated ex vivo
lenses (fully accommodated), an open question remained about their ability to represent in vivo
measurements in a dis-accommodated form (relaxed). In this paper, we validated the accuracy of
eigenlenses for estimating the full shape of lenses in a relaxed accommodation state using donor
lenses mounted in a lens stretcher.

The MAE between the DIA and VOL measured and estimated with eigenlenses decreased
when the pupil diameter increased, which was expected, as with larger pupil diameters more
information is available for the estimation. The DIA estimation error decreased from around
MAE= 0.29± 0.20 mm (4.4 mm pupil) to 0.24± 0.17 mm (5.9 mm pupil) and the VOL estimation
error decreased from MAE= 7.8± 5.5 mm3 to 6.3± 3.9 mm3. Note that when we performed
the same analysis in 103 ex vivo isolated lenses (in a fully accommodated state) used for the
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eigenlenses construction [44], we obtained slightly lower mean estimation errors ranging from
MAE= 0.22± 0.15 (4.4 mm pupil) to 0.19± 0.13 mm (5.9 mm pupil) in DIA and MAE= 5.8± 4
mm3 (4.4 mm pupil) to 4.6± 3 mm3 (5.9 mm pupil) in VOL. This is probably due to the fact
that (i) these lenses were the ones used for the construction of the eigenlenses, and thus we
are evaluating the error in the same set of lenses used to train the models; and (ii) slight tilt or
asymmetric stretching of the lens in the lens stretcher which is not a factor when imaging isolated
lenses.

We did not find a statistically significant correlation between the DIA and VOL mean estimation
errors and the measured ∆Power (linear regression, p>>0.05), nor differences in the mean error
between fully stretched and non-stretched lenses (t-test, p>>0.05), indicating that the estimation
error does not depend on the accommodative state and that the model can be used to predict the
full shape in in vivo lenses under relaxed accommodation. This is one of the most important
conclusions of the study.

The MAE for VOL and DIA obtained with the eigenlenses method was significantly lower
(t-test, p<<0.05) than the one obtained using the intersection approach in the same set of lenses
for all the tested pupils. For example, for the 5.9 mm pupil, the error with the intersection
approach was MAE= 1.44± 0.56 mm for DIA and MAE= 20± 14 mm3 for VOL. When we
compared the MAE obtained with eigenlenses and with our previous method for full shape
estimation [39], eigenlenses outperformed the previous method for all the tested pupils (for
example, the error with [39] was MAE= 0.35± 0.29 mm for DIA and MAE= 9± 8 mm3 for
VOL for the 5.9 mm pupil). Thus, our method could be implemented in clinically available
OCT systems to improve full shape geometrical parameters estimation. This can be useful for
improving the estimation of the IOL position in a cataract surgery [7] as well as the size to be
implanted in accommodative IOLs for presbyopia.

We obtained statistically significant correlations between changes in the coefficients (∆a1
and ∆a2) and the ∆Power produced by the stretching, with the stronger correlation for the ∆a2
coefficient (ρ=0.76, p= 0.002). We found that a1 increased and a2 decreased with stretching
(lower power). These findings agree with the results obtained in our previous works [44,45].
When we estimated ∆Power as a function ∆a1 and ∆a2 using multivariate linear regression, the
estimation model improved in comparison with using just a single coefficient. Nevertheless,
additional factors might contribute to optical power (i.e., variations of the gradient index of
refraction, GRIN, with age) that are not accounted for in the model.

We analyzed the geometrical changes of the ex vivo crystalline lens in the stretcher as a function
of the changes of the measured power (Fig. 4) and found that they were similar to the ones
expected in physiological accommodation. Specifically, we found that the anterior lens radius
decreased -0.63 mm/D, similarly to the mean change per diopter of -0.61 mm/D reported by
Dubbelman et al. [25] with accommodation. The lens thickness increased 0.08 mm/D, which
matches with values reported in vivo using MRI (Khan et al., 0.08 mm/D [50]; Sheppard et
al., 0.08 mm/D [33]) and OCT (Martinez-Enriquez et al., 0.07 mm/D [40]). The lens diameter
decreased -0.077 mm/D, that matches with works with MRI (Khan et al., -0.07 mm/D; Sheppard
et al., -0.09 mm/D; Jones et al., -0.07 mm/D [51]) and OCT full shape estimation methods (-0.13
mm/D using accommodative response [40]; -0.07 mm/D in an emmetropic group [45]). Finally,
changes in lens volume with stretching were not statistically significant, as expected and found in
previous in vivo literature using OCT [45] and MRI [31].

When we analyzed geometrical changes of the ex vivo stretched lenses of this study as a
function of age, we found that the deformations were larger in younger lenses than in older lenses
and that the lens volume remained constant with stretching at all ages [52]. We found a high
correlation between power changes and age for ages between 28 and 45 y/o (ρ=0.82, p= 0.01;
slope= 0.26 D/year). The obtained slope was similar to the one reported by Kasthurirangan et al.
[53] for physiological accommodation. Finally, the correlation between geometrical parameters
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and age for the non-stretched state was similar to the one reported in isolated lenses in [18] (linear
correlation is calculated in the linear range of changes, from approximately 20 y/o).

The current study had the following limitations. Some lenses were discarded because the
posterior lens or the periphery of the lens were not visible in the OCT images. The changes in
some lenses with stretching were small due to experimental difficulties (this occurred also in
young lenses). Even in cases where the lens was correctly stretched, we could not guarantee
that full dis-accommodation was achieved, i.e., that the stretching produced 0 D accommodative
state (far vision). However, this fact did not affect the analysis of geometrical changes of the
crystalline lens as a function of the changes of the measured power (obtained from the LRT): if a
small deformation was induced by the stretcher, the power change measured was also small. In
the analysis of correlations with age presented above, we took only the points in the “convex hull”
(i.e., for a given age, we took the points with maximum deformation). Finally, the GRIN was not
considered when reconstructing the shape of the posterior surface of the lens. This issue was
solved in previous works by measuring the anterior surface of the lens facing the OCT beam
(anterior-up measurements), flipping the lens, measuring the posterior surface facing the OCT
beam (posterior-up measurements), and then registering both measurements [18,44]. In this work
we did not have posterior-up measurements for all the lenses and stretched states. This is the
reason why we didn’t present here results for the radius of curvature of the posterior lens. The
measurement of the radius of curvature of the anterior lens and lens diameter were not affected
by this approximation. Furthermore, in [39] we proved that the influence of this approximation
in the estimated volume was negligible. Finally, note that the results presented in this study
reproduced the same conditions that are accessible in in vivo measurements, where the GRIN is
usually ignored to reconstruct the posterior surface of the lens.

5. Conclusion

We have validated our method for the estimation of the full shape of the crystalline lens from OCT
images for in vivo relaxed accommodation lenses. First, we measured ex vivo lenses mounted in
a lens stretcher and demonstrated that this condition simulated in vivo relaxed accommodation.
Then, we simulated in vivo conditions on these measurements (assuming that only the central
part of the lens visible through the pupil was available) and compared our estimation of the full
shape with the measured lens shape. Using these results, we demonstrated that the estimation
error did not depend on the accommodative state, and thus, the method can be applied in vivo
with the same accuracy as ex vivo lenses. Finally, we have shown that the method outperformed
state of the art full shape estimation methods implemented in commercial OCTs.

This framework can be applied to generate accurate patient-specific models of the crystalline
lens in vivo, which has the potential to improve cataract surgery (more accurate selection of IOL
power) and the design of solutions to restore accommodation (accommodative IOLs).
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